Abstract-In conventional terrestrial cellular systems, mobile terminals (MTs) at the cell edge often pose the performance bottleneck due to their long distance from the ground base station (GBS), especially in hotspot areas. This paper proposes a new hybrid network architecture by leveraging the use of unmanned aerial vehicle (UAV) as an aerial mobile base station, which flies cyclically along the cell edge to serve the cell-edge MTs and help offloading the traffic from the GBS. To achieve user fairness, we aim to maximize the minimum throughput of all MTs in a single cell by jointly optimizing the UAV's trajectory, as well as the bandwidth allocation and user partitioning between the UAV and GBS. Numerical results show that the proposed hybrid network with optimized spectrum sharing and cyclical multiple access design significantly improves the spatial throughput over the conventional cellular network with the GBS only.
I. INTRODUCTION
With their high maneuverability and diminishing cost, unmanned aerial vehicles (UAVs) are expected to play an important role in future wireless communication systems [1] . There are assorted appealing applications by leveraging UAV for wireless communications, such as UAV-enabled ubiquitous coverage or drone small cells (DSCs) [2] - [7] , UAV-enabled relaying [8] [9] , and UAV-enabled information dissemination/data collection [10] , etc. In particular, for UAV-enabled ubiquitous coverage, UAV is deployed to assist the existing terrestrial communication system in providing seamless wireless coverage. Two typical use scenarios are rapid service recovery after ground infrastructure malfunction [11] and cellular traffic offloading from overloaded ground base stations (GBSs) in, e.g., hotspot areas. Note that the latter case has been identified as one of the five key scenarios that need to be effectively addressed by the fifth-generation (5G) wireless systems [12] .
The offloading issue for cellular hotspot can be partly addressed via, e.g., WiFi offloading [13] or small cell technology [14] , etc. However, these solutions usually require adding new fixed access points/GBSs, which could be cost-ineffective for scenarios with highly dynamic traffic such as open air festivals and other public events with temporarily high user density. In such scenarios, UAV-aided cellular offloading provides a promising alternative solution to address the 5G hotspot issue. Compared to the conventional cellular network with fixed GBSs, UAV-aided cellular offloading possesses many promising advantages, such as the ability for on-demand and swift deployment, more flexibility for network reconfiguration, and better communication channels between the UAV and ground mobile terminals (MTs) due to the dominant line-of-sight (LoS) links.
In traditional cellular networks, the cell-edge MTs often suffer from poor channel conditions due to their long distances from the associated GBS. As a result, with a limited total bandwidth available for each cell, the cell-edge MTs would either require more bandwidth and/or higher transmit power in order to achieve the same performance as other non-celledge MTs, which thus poses the performance bottleneck for the system. To tackle this issue, we propose in this paper a new hybrid cellular network architecture with UAV-aided cellular offloading. We consider a single-cell system, which consists of a conventional GBS and an additional UAV acting as an aerial mobile BS to jointly serve the MTs in the cell. As shown in Fig. 1 , the UAV flies cyclically along the cell edge to serve the cell-edge MTs and thereby help offloading the traffic from the GBS. The MTs in the cell are partitioned into cell-edge and non-cell-edge MTs, which are served by the UAV and GBS, respectively. We assume that the UAV is at a fixed altitude above ground and flies cyclically in the horizontal plane following a circular trajectory of a certain radius centered at the GBS, and communicates with its associated cell-edge MTs in a cyclical time-division manner [2] . Specifically, at any time instant, only those cell-edge MTs sufficiently close to the UAV are scheduled to communicate with the UAV. Compared to deploying fixed small cells along the cell edge, the UAVenabled cyclical multiple access scheme essentially shortens the communication distance with cell-edge users by exploiting the UAV's mobility, and hence is expected to significantly reduce the deployment cost and improve the throughput.
To optimize the offloading performance, we study the problem of maximizing the minimum throughput of all MTs in the cell, so that each MT achieves a fair common throughput. For simplicity, we consider orthogonal spectrum sharing between the GBS and UAV, where the total available bandwidth is partitioned into two orthogonal parts which are allocated to the UAV and GBS, respectively. Three key design parameters are jointly investigated, including the bandwidth allocation and the user partitioning between the UAV and GBS, as well as the UAV's circular trajectory radius. The joint optimization problem is non-convex and complicated to solve. To tackle this problem, we first optimize the UAV's trajectory radius for given bandwidth allocation and user partitioning. Then we jointly optimize the bandwidth allocation and user partitioning to maximize the minimum throughput of all MTs. Numerical results show that the proposed hybrid network with optimized design greatly improves the spatial throughput over the traditional network with the GBS only. Furthermore, it is shown that the joint optimization of spectrum sharing, multiple access, and UAV trajectory design is essential to achieve the optimum throughput of the proposed UAV-assisted hybrid network.
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a single-cell system with a GBS and a UAV jointly serving a group of ground MTs. The downlink transmission is considered, whereas the obtained results can be similarly applied to the uplink transmission. Assume that the MTs are uniformly and randomly distributed with density in the cell of cell radius centered at the GBS; thus the total number of MTs on average is = 2 . Denote the set of MTs as = {1, 2, ⋅ ⋅ ⋅ , }. The MTs are partitioned into two disjoint groups and based on a distance threshold to the GBS, where denotes the set of MTs in the inner disk region of radius , and denotes the remaining MTs in the exterior ring region. We assume that the MTs in (e.g., MTs 2 and 4 in Fig. 1 ) are associated with the GBS for communications, while those in (e.g., MTs 1 and 3) are served by the UAV via cyclical multiple access. Then on average there are ≜ | | = 2 MTs associated with the GBS, and
MTs to be served by the UAV, where | ⋅ | denotes the cardinality of a set. We further assume that the UAV and GBS are backhaul-connected (wireless or wired, respectively) to a common gateway which is responsible for splitting and forwarding MT data traffic to the UAV or GBS based on the pre-determined association.
We assume that the UAV flies at a fixed altitude , which could correspond to the minimum value required for safety considerations (e.g., terrain or building avoidance). We also assume that the UAV flies at a constant speed following a circular trajectory whose projection on the ground is centered at the GBS. Denote the radius of the UAV trajectory as and its period as , i.e., the UAV position repeats every seconds, as shown in Fig. 1 . Then we have = 2 / . Note that the circular trajectory is considered since it not only enables the UAV to serve the cell-edge users cyclically, but is also one practical trajectory adopted to save the UAV energy consumption [15] . With the cyclical multiple access [2] , the cell-edge MTs ∈ are scheduled to communicate with the UAV in a cyclical time-division manner to exploit the good channel when the UAV flies close to each of them. Let ( ) ⊆ denote the set of cell-edge MTs scheduled for communications with the UAV at time .
Denote the total available bandwidth as Hz, and the portion of bandwidth allocated to the UAV as , with 0 ≤ ≤ 1. Assume that the bandwidth allocated to the UAV is equally shared among the MTs associated with the UAV at each time, i.e., each MT ∈ ( ) is allocated with an effective bandwidth of ( ) , with ( ) ≜ /| ( )| denoting the normalized bandwidth for each user. Similarly, assume that the GBS also assigns equal bandwidth to its associated MTs, i.e., each non-cell-edge MT ∈ is allocated with an effective bandwidth of , with ≜ (1 − )/ . We next discuss the channel models for UAV-MT and GBS-MT communications, respectively. Assume that the UAV-MT communication channels are dominated by LoS links. Though simplified, the LoS model offers a good approximation for practical UAV-MT channels [1] . Further assume that the Doppler effect due to the UAV's mobility is perfectly compensated. Therefore, the channel power gain from the UAV to MT at time follows the free-space path loss model given by
where 0 denotes the channel power gain at a reference distance of 1 meter (m); and ( ) is the horizontal distance between the UAV and MT at time . For GBS-MT communications, we assume a fading channel model consisting of distance-dependent path-loss with pathloss exponent ≥ 2 and an additional random term accounting for small-scale fading of the channel from the GBS to each MT. Therefore, the channel power gain from the GBS to MT can be modelled as =¯, where¯≜ 0 ( 2 + 2 ) − /2 is the average channel power gain, with 0 denoting the average channel power gain at a reference distance of 1 m, denoting the horizontal distance between the GBS and MT , and denoting the height of the GBS; and is an independent and identically distributed (i.i.d.) exponential random variable with unit mean (i.e., ∼ Exp (1)) accounting for the small-scale Rayleigh fading.
III. PROBLEM FORMULATION
In this section, we first derive the achievable throughput of UAV-MT and GBS-MT communications, respectively. Denote the common (minimum) throughput of all MTs as¯in bits/seconds/Hz (bps/Hz), which is normalized with respect to the total system bandwidth Hz. Then we formulate the problem to maximize¯by optimizing the UAV trajectory radius , user partitioning distance threshold , and bandwidth allocation portion .
A. UAV-MT Communication 1) Average throughput:
For each MT , we define the association time as the total time duration in which MT is associated with the UAV for communications in a UAV flying period . The average throughput of cell-edge MT ∈ is determined by and its instantaneous communication rate with the UAV during this association time interval.
Assume that the UAV allocates transmit power ( ) to communicate with MT ∈ ( ) at time during its association time. Then the instantaneous achievable rate ( ) of MT ∈ ( ) in bps/Hz is given by
where the receiver noise is assumed to be additive white Gaussian with power spectrum density 0 in Watts/Hz, and 2 ≜ 0 is the noise power over the bandwidth Hz; and 0 ≜ 0 / 2 . It can be seen that ( ) is determined by the allocated transmit power ( ), the UAV-MT horizontal link distance ( ), and the normalized per-user bandwidth ( ) which in turn depends on the number of MTs | ( )| associated with the UAV at time .
With (2), the average throughput of MT ∈ with ≤ ≤ within a UAV flying period is given bȳ
where , and , are the time instants when MT starts and ends to be associated with the UAV, respectively, and = , − , . Next, we discuss the design of transmit power ( ), , ≤ ≤ , , the UAV-MT association ( ), 0 ≤ ≤ , and the distance ( ), , ≤ ≤ , , respectively.
2) Power allocation:
Let denote the maximum transmit power of the UAV. For simplicity, we assume that the UAV allocates equal transmit power to its associated MTs ∈ ( ), i.e., ( ) = /| ( )|, ∀ ∈ ( ). From (2) and using the fact that ( ) = /| ( )|, the instantaneous achievable rate ( ) becomes
which depends on , ( ) and | ( )|. The association ( ), 0 ≤ ≤ affects the average throughput¯in (3) in two ways, namely, the normalized per-user bandwidth ( ) = /| ( )| at each time , and the association time period , ≤ ≤ , assigned for each MT .
3) UAV-MT association:
For the tractability of analysis, we design a simple yet practical UAV-MT association rule as follows. At time , assume that the horizontal position of the UAV is at ( , 0) in the polar coordinate system ( , ). The MTs ∈ in the ring region with ≤ ≤ are to be served by the UAV via cyclical multiple access. At time , we choose a ring segment region (denoted as ) with central angle , which is also symmetric about the horizontal axis, as shown by the shadowed region in Fig. 2 . Within the region , any arc centered at the origin (GBS location) with radius ≤ ≤ has the same central angle . In particular, denote the arc with radius ( ) by AA' (BB').
We propose the UAV-MT association rule by which the MTs within the ring segment region are associated with the UAV for communications at time , which thus yields the set ( ). This association rule simplifies our subsequent analysis in two aspects. Firstly, all cell-edge MTs ∈ have equal association time with the UAV, i.e.,
Secondly, the average number of MTs associated with the UAV at any time is a linearly increasing function of , i.e.,
where
Note that following this association rule, each MT ∈ has an access delay [2] given by ≜ − , which is the time duration within each UAV flying period when MT is not associated with the UAV for communications.
4) Lower bound of average throughput:
Based on the above association rule, the association time in (5) is equal for all MTs ∈ . Therefore, the average throughput¯in (3) is determined by the instantaneous rate ( ), , ≤ ≤ , , which depends on ( ) and ( ). The UAV-MT horizontal distance ( ) is a non-linear function of and is different for MTs located at different .
In the following, we derive a lower bound for the average throughput¯in (3), based on the lower bound of normalized per-user bandwidth ( ) and the upper bound of UAV-MT horizontal distance ( ). Let ,max ≜ max
the maximum number of MTs associated with the UAV over the period , and denote ≜ ,max ≥ 1. Note that depends on the spatial variations of the user locations. Then ( ) at any time is lower-bounded by
where the lower bound min is inversely proportional to .
On the other hand, denote max as the upper bound of the horizontal distance from the UAV to any point in the ring segment region . It can be verified that max always occurs at one of the two intersection points A and B as shown in Fig.  2 . Denote and as the horizontal distances from the UAV to points A and B, respectively. Then we have
where and can be obtained by using the cosine law:
It can be verified that max is an increasing function of for any given and .
Then the instantaneous rate ( ) in (4) for any MT ∈ ( ) at any time is lower-bounded by
where the lower bound is a decreasing function of , since a larger central angle leads to larger max and smaller min .
Based on (11), we then assume that the UAV communicates with each MT ∈ ( ) at any time using a constant rate equal to , which is achievable for all MTs in ( ). Then the average throughput in (3) for MT ∈ over each time period is given bȳ
which is the same for every MT ∈ . Thus, the common throughput¯for the cell-edge MTs served by the UAV is a function of , , and , which can be expressed as
) .
It follows from (13) that the central angle affectsō nly through max , since its proportional effect on cancels out its inversely proportional effect on min , under our proposed association rule. Since max increases with , it is desirable to choose as small as possible to increase¯in (13) . However, cannot be arbitrarily small in practice, since otherwise there might be no MTs associated with the UAV at some time , i.e., | ( )| = 0. In the rest of this paper, we assume that the value of is given, and hence the corresponding max can be obtained based on (8)- (10) . Therefore, (13) becomes
(14) Finally, define the spatial throughput as the aggregated throughput per unit area in bps/Hz/m 2 , i.e., ≜ ∑ , where is the area of interest. The spatial throughput of the UAVserved area is thus given by ≜¯( , , ), i.e.,
B. GBS-MT Communication
On the other hand, the MTs inside the inner disk of radius are associated with the GBS, which form the non-cell-edge MT set . Recall that the GBS-MT channel gain consists of the average channel gain¯which depends on the GBS-MT horizontal distance ( ≤ ), and an additional random term ∼ Exp(1) accounting for small-scale fading of the channel. We assume that the GBS knows the average channel gainf or each MT and the distribution of .
1) Power allocation:
Assume that the GBS transmits with the same power ( ) for MTs at the same distance from the GBS, where ≤ . We consider that the GBS adopts the "slow" channel inversion power control [16] based on the average channel gain¯(instead of the instantaneous channel gain for low-complexity implementation), i.e., the transmit power ( ) is allocated such that all MTs ∈ have the equal average signal-to-noise ratio (SNR) at the receiver, denoted by¯. Thus, ( ) can be expressed as
where 0 ≜ 0 / 2 , and the allocated power ( ) is inversely proportional to the average channel gain¯.
Let
denote the maximum transmit power of the GBS. Then the total transmit power to all MTs associated with the GBS needs to satisfy the following constraint:
The average SNR can be obtained from (16) and (17) 
(19) The instantaneous achievable rate for MT ∈ in bps/Hz is then given by
2) Outage probability: Due to the small-scale fading of the GBS-MT channel, an outage event occurs when the GBS-MT link cannot support the desired common throughput¯. According to (20), the outage probability for MT ∈ is given by P out, = Pr{ log 2 (1 +¯) <¯}
which is common for all MTs ∈ due to the common average SNR¯with the adopted channel inversion power control. For convenience, define a function ( , ,¯) as follows:
Then we have
It can be verified from (22) that ( , ,¯), and hence P out ( , ,¯), are both increasing functions of , and¯.
Define ≜¯as the spatial throughput of the GBS-served area. Suppose that the allowed maximum outage probability isP out for all GBS-MT links. In a benchmark case without the UAV, i.e., = 0 and = , by letting P out ( = 0, = ,¯) =P out in (23), we can then obtain the common throughput¯o pt and the corresponding spatial throughput for all MTs in this case.
C. Problem Formulation
In this subsection, we formulate the optimization problem to maximize the common throughput¯of all MTs subject to the maximum outage probability constraint of GBS-MT links, by jointly optimizing the bandwidth allocation portion , the user partitioning distance threshold , and the UAV trajectory radius . The problem can be formulated as
for which the optimal solution is denoted as ( opt , opt , opt ) with the corresponding optimal common throughput denoted as¯o pt .
IV. PROPOSED SOLUTION
The problem (P1) can be solved by solving a series of feasibility problems with different¯values based on bisection search. Specifically, given a certain common desired throughput¯, (P1) can be equivalently transformed to minimize the outage probability of GBS-MT links subject to the constraints (25)-(28), i.e.,
(25) -(28).
If the optimal value of (P2) is no larger thanP out , then (24) is satisfied, and the optimal solution to (P2) and the corresponding¯is a feasible solution to (P1). On the other hand, if the optimal value of (P2) is larger thanP out , then the corresponding¯value is not achievable. Accordingly, bisection search can be applied to find the maximum common throughput opt iteratively. We thus focus on solving (P2) in the following. (P2) is in general difficult to solve optimally, due to the non-convex objective function and the non-convex constraint (25). We propose a two-step method to solve (P2) optimally as follows. First, since the GBS-MT communication does not depend on , with given fixed and , we first optimize to maximize the achievable UAV-MT common throughput ( , , ) while satisfying the constraint (26), i.e.,
of which the optimal value is denoted as¯m ax ( , ). Furthermore, since from (23) it follows that P out ( , ,¯) is monotonically increasing with ( , ,¯), we can equivalently replace the objective function of (P2) by ( , ,¯). Then (P2) can be recast to the following problem. 
The remaining task is to optimize and by solving (P4).
A. Optimizing
To solve (P3) for given and , we need to maximizē ( , , ) in (14) by optimizing , which is equivalent to minimizing max = max( , ) given by (8) , (9) and (10) . For ≤ ≤ and a given small value ≤ 0 ( 0 will be derived later), the minimum max can be found by letting = in (9) and (10), which yields * = + 2 cos( /2) ,
and *
where * max ( ) is a function of . Note that the coordinate ( * , 0) corresponds to the intersection point of the horizontal axis and the perpendicular bisector of the line segment AB, as shown in Fig. 2 . From geometry, it can be verified that when = * , the minimum value of max is achieved as that given by (31). This conclusion is valid when the coordinate ( * , 0) does not go beyond the mid-point ( cos 2 , 0) of the line segment BB', since otherwise the minimum value of max simply equals half the length of the line segment BB', i.e., sin 2 . Therefore, from + 2 cos( /2) ≤ cos 2 , we obtain the threshold 0 as follows.
By substituting max = * max ( ) in (14), we obtain the optimal value of (P3) which is given bȳ max ( , ) =
It can be verified that¯m ax ( , ) is an increasing function of both and .
B. Optimizing and
Next, we investigate the performance trade-off between GBS-MT and UAV-MT communications by optimizing and in (P4). In general, a larger means that more bandwidth is allocated to the UAV, thus improving the max-min throughput of UAV-MT communications but at the cost of degrading that of GBS-MT communications. On the other hand, a larger means that more MTs are to be served by the GBS, which also degrades the max-min throughout of GBS-MT communications while improving that of UAV-MT communications.
Specifically, given¯, (P4) is a non-convex optimization problem and thus cannot be directly solved with standard convex optimization techniques. Fortunately, we can exploit the monotonicity of¯m ax ( , ) and ( , ,¯) with and , and devise an efficient algorithm to solve (P4) as follows. First, for a given value of , the functions¯m ax ( , ) and ( , ,¯) are both increasing with . To minimize ( , ,¯) while satisfying the constraint in (29), we should choose the value which achieves the equality in (29). This can be achieved using bisection search. Second, we can then perform the onedimensional search for the optimal value of 0 ≤ ≤ to minimize ( , ,¯) in (P4).
V. NUMERICAL RESULTS
In this section, numerical results are provided to demonstrate the performance of the proposed scheme. We obtain the optimal solution ( opt , opt , opt ) to (P1) with the maximum common throughput¯o pt and corresponding maximum spatial throughput opt =¯o pt . We compare the spatial throughput with those of two benchmark schemes. The first benchmark considers fixed design variables with = 0.5, / = 0.5 and following from (30), where the spatial throughput is taken to be the minimum spatial throughput of the GBS-and UAVserved areas, i.e., fixed ≜ min( , ). The second benchmark considers the GBS-only case without the use of UAV, where the UAV's available transmit power is added to the GBS transmit power for fair comparison. For each of these three schemes, the obtained analytic results are verified by averaging over 100 independent realizations of the user locations. Each realization is drawn from a homogeneous Poisson point process with user density . In each realization, the GBS channel inversion power control is simulated based on specific user locations, while the parameter for UAV-MT association can be obtained whose average value over the 100 realizations is used in the analytic results. We can then obtain the average spatial throughputs¯and¯for the GBS-and UAV-served areas over the 100 realizations, respectively.
The following parameters are used: = 500 m, = 1000 MTs/km
= 100 m, = 20 m, = 40 dBm, = /6, andP out = 0.01. Note that we have chosen a larger reference channel power gain for the GBS, i.e., 0 > 0 , to account for the possibly larger antenna gain at the GBS than the UAV. We test the three schemes with different UAV transmit power , and the results are plotted in Fig. 3 . First of all, it can be seen from Fig. 3(a) that the analytic results well match the simulation results in all these test cases. Second, our proposed scheme even with fixed and improves the spatial throughput over the case with GBS only when ≥ 10 dBm. On the other hand, our proposed scheme with optimized and further improves over the case with fixed and , and achieves the maximum spatial throughput which is significantly higher than that of the GBS-only case, even when the UAV transmits at a low power. Finally, as increases, it can be seen from Fig. 3(b) that opt increases and opt / decreases, which suggests that more bandwidth should be allocated to the UAV to serve more MTs when the UAV is able to transmit at a higher power. Therefore, our proposed joint optimization solution is essential to achieve the maximum throughput of the proposed UAV-assisted hybrid network.
VI. CONCLUSIONS
This paper proposes a novel hybrid architecture for cellular networks by leveraging the use of UAVs for cellular offloading. We have studied the problem of jointly optimizing the spectrum allocation, user partitioning, and UAV trajectory design to maximize the common throughput of all MTs in the cell. Numerical results show that the proposed hybrid network architecture significantly improves the throughput as compared to the conventional system with the GBS only. Future work could extend the current orthogonal spectrum sharing scheme to the spectrum reuse scheme to further improve the throughput.
